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Abstract 
Injection-induced fractures in large-scale CO2 storage projects may not be permitted by regulators. Injection pressure 
is the first-order determinant of whether fractures are initiated, but another important factor is temperature difference 
between formation and injected fluid. This difference causes thermoelastic stress that reduces the fracturing pressure. 
Accurate prediction of bottomhole temperature is therefore important to predict injection-induced fractures. 
 
In this work, we improve the steady-state heat transfer model for a CO2 injector by accounting for dependency of heat 
transfer coefficient on injection rate. The improved model predicts bottomhole temperature much more accurately 
across a large range of dynamic injection rates measured at Cranfield.  
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During large-scale CO2 sequestration, maintaining large injection rates is a crucial concern. The 
maximum safe injection rate is set by the critical bottomhole pressure, i.e. the threshold value in the 
fracture initiation criterion. Fractures may become potential conduits for leakage and thus they may not 
be permitted by some regulators. Consequently an accurate fracture criterion is very important to 
determine the maximum injection rate in operations.  
At large rates of injection of CO2 supplied from a pipeline, the temperature of the injected CO2 as it 
enters the storage formation is typically less than formation temperature. The temperature difference 
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between CO2 and formation induces thermo-elastic stress in formation rocks surrounding the wellbore 
[1]. This induced stress can greatly reduce the critical pressure for fracture initiation, resulting in a large 
reduction in the maximum safe injection rate [2]. Hence, accurate models that describe heat transfer 
between CO2 flowing along an injection wellbore and the surrounding formation are needed to predict 
bottomhole temperature (BHT) and therefore the thermoelastic stress.  
The heat transfer model of [2] assumed a constant heat transfer coefficient (U). Comparison of this 
model to field data (described below) shows that it does not accurately predict BHT of a CO2 injector 
when injection rate changes. This is not surprising, as overall heat transfer coefficient for flow in pipes is 
known to be a function of flow rate. The practical problem is that the error introduced by this assumption 
is large enough (in the data discussed below, about 10oC when flow rate changes by a factor of four) to 
affect the calculated thermo-elastic stress and therefore the maximum safe injection rate.  
In this study, we address this problem by treating heat transfer coefficient as a function only of mass 
flow rate ( m ). Thus for a given injection rate, the value of heat transfer coefficient will be independent of 
position in the wellbore. We use the Cranfield data to infer the relationship between U and m , making 
the assumption that the well conditions respond instantaneously to variations in injection rate. This 
assumption means at each measured injection rate, we apply the steady-state heat transfer model to 
compute the BHT from the measured wellhead temperature.  For the conditions in our dataset, the steady-
state assumption is reasonable: step changes in flow rate show a fast temperature response followed by a 
relaxation time of ca. 10 hours until the BHT reaches its new steady state value.  
The approach is not only valid for vertical injector but also can be applied on horizontal injector [4], in 
which BHT is more sensitive to heat transfer coefficient as flow rate is declining from heel to toe in 
horizontal wellbores [3].  
2. Model and Method 
As shown in Fig. 1 (a), CO2 injector CFU 31 F1 is in the Detailed Area of Study (DAS) at Cranfield in 
southwest Mississippi. Fig. 1 (b) illustrates the 
sketch of vertical CO2 injector CFU 31 F1. 
Parameters of CFU 31 F1 and the model are 
listed in Table 1. This injection well is 
instrumented with a continuously operating 
downhole temperature gauge placed 108 ft 
above perforated interval between 10,450 ft and 
10,506 ft depth. Flow rate is measured 
continuously at a gauge 12 ft upstream of the 
wellhead at every ten minutes and the wellhead 
temperature is taken from a flow line 
temperature gauge 52 inches above ground level 
at the top of second section of wellhead.  
A steady-state heat transfer model with 
constant heat transfer coefficient can accurately 
describe temperature profile of vertical injector 
with constant injection rate [2]. The value of the heat transfer coefficient for a wellbore must be inferred 
from field data, but the main assumptions of the model†
 
† The main assumptions are i) negligible changes in heat transfer coefficient and fluid density along the wellbore and ii) flux of 
heat between wellbore contents and surroundings can be represented by q = U(Tearth – Tfluid). 
 appear reasonable at a fixed injection rate. The 
model (Fig. 2) can calculate BHT and apply the value to predict thermally induced stress in near wellbore 
Table 1—Conditions for Injection Well 
Wellhead temperature, WHT 27.2 °C - 40.5 °C 
Well bottom temperature, BHT computed or measured 
Earth surface temperature, T0(0) 15 °C 
Geothermal gradient, G 33 °C/km 
Wellbore diameter, D 0.16 m 
Heat transfer coefficient, U computed 
Thermal conductivity of CO2, k 0.10-0.12 W/m·K 
Viscosity of CO2, μ 6.5h10-5 Pa·s 
Mean density of CO2,  800 kg/m3 
Mean heat capacity of CO2, Cp 2500 J/kg·K 
Mean flow velocity in wellbore, <v> computed from flow rate 
Length of wellbore, L 10486 ft  
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formations. However, in field operations, injection rate often varies with time and strategies. In this work,
an improved model will overcome the shortcoming of the previous model and be applicable to a large 
range of injection rates.
(a) (b)
Figure 1. (a) Location of Cranfield and CO2 injector CFU 31 F1 in DAS district at Cranfield; (b) CFU 31 F1 CO2 injector sketch
Figure 2. (a) Steady-state heat transfer model of vertical CO2 injector and (b) temperature profiles in the earth and in the wellbore
The process to obtain correlation between U and m is illustrated as flow chart in Fig. 3. The data 
logging at Cranfield occurs at different intervals for different sensors. Measurements of injection rate,
wellhead temperature (WHT) and BHT at common times were extracted into a single file. These were
used with the heat transfer model to determine the values of U that would be consistent with the
measurements. Repeating this inverse modeling at each measurement time yields a large set of values U 
and m . Under the assumption that overall heat transfer coefficient depends only on mass flow rate, we
then examine power function regressions between the values of U and m . We then run the model in 
forward mode, calculating BHT from measured WHT and m using U calculated from the empirical
formula. The computed BHT is then compared with measured BHT to determine how much error the
empirical correlation introduces. In all cases, the correlation produces much better results than the
assumption that U is independent of flow rate.
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It is useful to anticipate the form of the 
correlation between U and m . Dimensional 
analysis shows that heat transfer coefficient 
should be a function of mass injection rate. 
From the definition of Nusselt 
number, Nu
UD
k
, where D is diameter of 
wellbore and k is thermal conductivity of the 
injected CO2, we have 
Nu k
U
D
. Nusselt 
number for flow in a pipe may be written as 
[5],  
0Nu Nu(Re, Pr, / , / )bL D  
where Reynolds number (Re) and Prandtl number (Pr) are defined as, 
0Pr p
c
k , 0
Re
v D
 
where the fluid properties cp,   EY! are specific heat capacity, bulk density of injected CO2, 
viscosity at bulk fluid temperature, viscosity at wellbore boundary temperature, mean flow velocity in 
wellbore, respectively. In our model, CO2 fluid bulk temperature is assumed equal to wellbore boundary 
temperature, 0b . We finally may obtain heat transfer coefficient as a function of  
0( , / , , , , , , )p bU U c L D k D v  
For typical injected conditions and geothermal gradients, the pressure-temperature path for CO2 flow in 
wellbore does not cross boundaries on the CO2 phase diagram [2]. Thus our model assumes no phase 
change of CO2 from wellhead to bottomhole [6]. Moreover there is no large variation of properties of CO2 
and we can use average values for density, viscosity, heat conductivity and specific heat capacity. 
Therefore, 0, / , , , , ,p bc L D k D are constants for a given injector and the only variable for typical 
operating conditions is flow mean velocity in wellbore v , where 
2
4m
v
D
. Hence, heat transfer 
coefficient is only a function of mass injection rate, i.e. ( )U U m . 
Solution of the energy balance for CO2 in the wellbore [2] yields  
0 0( (0) ) + (0)
p
DLU
c mp p
p p
Gc m Gc mg m g m
BHT WHT T e T GL
c DU DU c DU DU
 (1) 
where T0(0), g, G, L are formation temperature at surface, acceleration due to gravity, geothermal 
gradient, and wellbore length. In this work we treat Eq. (1) as an implicit equation for the unknown U for 
each measurement of BHT, WHT and m . 
m
m
 
Figure 3. Flow chart of calculating heat transfer coefficient as a 
function of mass injection rate 
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Measurements of heat transfer in smooth circular tubes with nearly constant wall temperature for 
highly turbulent flow show an empirical power law relation between U and m with exponent value 0.8 
(Re > 20,000), the relation being [5] 
0.14
0.8 1/3
0
Nu 0.026Re Pr b  (2) 
In this Cranfield injector we investigated, Re is from 81,000 to 430,000, which belongs to highly 
turbulent flow. Thus we expect an almost first-order dependence of U on m to emerge from the data. 
Following Eq. (2), a power law function with exponent 0.8 was fit to the inferred values of U and the 
measured values of m . In the following section, we will discuss this correlation and its influence on BHT 
predictions. Once the correlation is adopted, application of the model is a straightforward extension of Eq. 
(1), with U replaced by U( m ). 
3. Results and Discussions 
The data of CO2 injector CFU 31 F1 used here are provided by Denbury Resources Inc. We 
investigated the data gathered between 2009-6-25 and 2011-2-8. Over this period CO2 was injected  at 
rates varying from 100 to 900 ton/d.  
In Fig. 4, we first compare the measurement to the BHT predicted from the heat transfer model with 
constant U. We consider two values of U (13 W/m2K and 20 W/m2K) in this exercise. Clearly neither 
value of U can match the measurements for the entire range of injection rate. This is consistent with 
expectation above that U is a function of injection rate. The difference between prediction and 
measurement can be over 10oC when the injection rate is changed by a factor of 4, as occurred on 2010-
12-11 (red oval in Fig. 4). Since typical differences between BHT of injected fluid and formation 
temperature are a few tens of degrees Celsius, an error of ten degrees is non-negligible.  
 
Figure 4. Inaccurate BHT prediction by model with overall heat transfer coefficient U assumed independent of flow rate; data from 
CFU 31 F1 CO2 injector at Cranfield DAS (cf Fig. 2). Red ovals show the variations of injection rate corresponding to the variation 
of BHT. The prediction by model with U=13 W/m2·K can only match low injection region and U=20 W/m2·K can only match high 
injection rate region.  
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3.1. Correlations of heat transfer coefficient and mass injection rate 
11953 pairs of (U, m ) data with injection rate range from 100 ton/D to 900 ton/D were collected for 
regression analysis. Most of values of U fall between 5 and 25 W/m2K. Although outliers exist 
(associated with the relaxation time after step changes in flow rate), the trend of increasing U with 
increasing flow rate is clear, and for the purposes of our application quantifying that trend is the main 
goal. Due to the uneven distribution of data points at different injection rate, we need to unify the weight 
of U for different m . By setting bins of width 1 ton/d, we average all values of U for flow rates in each 
bin and use this averaged U for the regression analysis with m  (Fig. 5).  
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Figure 5. Power function correlation between mass injection rate and overall heat transfer coefficient inferred from steady-state 
model and BHT measurements of well CFU 31 F1. To weight the measurements uniformly with respect to injection rate, we set bins 
with injection rate 1 ton/d and average the values of heat transfer coefficients of data points in each bin.  
Considering the format of power law function from dimensional analysis, we set the format of fitting 
function as 0.8U bm c . As shown in Fig. 5, we obtain a reasonable fit with  b = 0.0795 and c = 5.3963.  
3.2. Validation of BHT predictions with measurements  
We input the above correlation with WHT and injection rate measurements to steady-state model as 
Eq. (1) to predict BHT and compare with corresponding measurements. As shown in Fig. 6, the black line 
indicates predictions equal to measurements. Two red lines give bounds for 2oC errors and two green 
lines give bounds for 5oC errors. Blue points show the relative accuracy between prediction and 
measurements. Most points are inside the 2oC bounds except some points within the green oval. Those 
points are selected from the zone with large injection change as shown in the big red oval of Fig. 4. Since 
the steady-state model responds instantaneously to injection rate change, it overestimates the BHT for a 
few hours until the transients decay. Statistically, in histogram figure (Fig. 7), we see 68.3% predictions 
are within 1oC of the measurement and cumulatively 87.6% is within 2oC error. In total 99.5% predictions 
are within 5oC error.  
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Figure 6. Comparisons of BHT predictions with BHT measurements. Red lines bound the errors of 2oC and green line bound the 
errors of 5oC. The group of points within green oval are transients after sudden large injection rate changes, which our steady state 
model fails to capture.  
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Figure 7. Histogram of absolute difference between BHT measurements and BHT predictions using steady state model with power 
law correlation (cf. Fig. 5) 
4. Conclusions 
This work establishes and analyzes correlations between heat transfer coefficient and CO2 injection 
rate into a vertical well using field data. Accounting for the fact that larger flow rates cause larger overall 
heat transfer coefficients enables a steady-state heat transfer model to predict BHT of vertical CO2 
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injector much more accurately when the injection rate varies substantively (a factor of two or more). 
Assuming a power-law dependence on flow rate taken from process engineering (i.e. exponent 0.8) gives 
a reasonably good correlation for flow rates between 100 ton/D and 900 ton/D.  Over 87% of predictions 
with this correlation and a steady state model are within 2°C of measurements. Relaxation time is ~10 h 
for the injector studied here, and the steady state model is adequate for predicting temperature changes 
over timescales of days.   
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